The methylation steps in the biosynthesis of phosphatidylcholine by tissue culture preparations of carrot (Daucus carota L.) and soybean (Glycine max), and by soybean leaf discs, have been studied. Preparations were incubated with tracer concentrations of L-[H3Cqmethionine and the kinetics of appearance of radioactivity in phosphomethylethanolamine, phosphodimethylethanolamine, phosphocholine, phosphatidylmethylethanolamine, phosphatidyldimethylethanolamine, phosphatidylcholine, methylethanolamine, dimethylethanolamine, and choline followed at short incubation times. With soybean (tissue culture or leaves), an initial methylation utilizes phosphoethanolamine as substrate, forming phosphomethylethanolamine. The latter is converted to phosphatidylmethylethanolamine, which is successively methylated to phosphatidyldimethyethanolamine and to phosphatidylcholine. With carrot, again, an initial methylation is of phosphoethanolamine. Subsequent methylations occur at both the phospho-base and phosphatidyl-base levels. Both of these patterns differ qualitatively from that previously demonstrated in Lemna (SH Mudd, AH Datko 1986 Plant Physiol 82: 126-135) in which all three methylations occur at the phospho-base level. For soybean and carrot, some added contribution from initial methylation of phosphatidylethanolamine has not been excluded. These results, together with those from similar experiments carried out with water-stressed barley leaves (WD Hitz, D Rhodes, AD Hanson 1981 Plant Physiol 68: 814-822) and salinized sugarbeet leaves (AD Hanson, D Rhodes 1983 Plant Physiol 71: 692-700) suggest that in higher plants some, perhaps all, phosphatidylcholine synthesis occurs via a common committing step (conversion of phosphoethanolamine to phosphomethylethanolamine) followed by a methylation pattern which differs from plant to plant.
biosynthesis are almost exclusively water-soluble derivatives of P-EA. Intact plants were incubated under normal growth conditions with methionine labeled with radioactivity in the methyl group. After relatively short incubations (e.g. 1 min) at least 99% of the total radioactivity in all methylated EA derivatives was found in P-MEA, P-DMEA, and P-Cho. After longer incubations, increasing proportions of such radioactivity was found in PtdCho until, finally, 89% was in the latter compound with virtually all the remainder in soluble Cho (7%) and P-Cho (4%) (17) . Similar experiments have now been extended to suspension cultures of both soybean and carrot, and to leaves of soybean. The labeling patterns observed were qualitatively different for each of these plants, and different also from the pattern previously observed with Lemna (17) . We are led to suggest that the pathway for PtdCho biosynthesis in each of the three plants investigated is significantly different. These results, and our interpretations, are presented here. Some of these experiments have been reported in preliminary form (18).
MATERIALS AND METHODS
Plant Tissue Culture. Soybean (Glycine max cv Peking, obtained from Dr. Lowell Owens, USDA/ARS, Beltsville, MD 20705) cell suspension cultures were maintained at about 27C, with shaking, in Gamborg's B5 medium containing 1 mg/L of 2,4-D. Stock cultures were transferred weekly. Cell density for initiation of experimental cultures was estimated as wet weight (by filtration on Miracloth, vacuum applied for 1 min), or as cell volume (hematocrit tube, gentle centrifugation at 45 on International centrifuge, 5 min). Separate experiments showed that 0.1 mL packed cells was equivalent to 5.6 mg wet weight. Cultures to be used for labeling with methionine were initiated at about 13 mg wet weight/mL of growth medium, and grown for 4 days, at which time the wet weight had increased to (12) . Stock cultures were transferred weekly. Cell density for initiation of experimental cultures was determined by weight as described for soybean, or by measurement of cell volume (centrifugation at a setting of 30, International centrifuge, 5 min) . Separate experiments showed that 0.1 mL packed cells was equivalent to about 30 mg wet weight. Cultures which were to be used for labeling with methionine were initiated with 6 to 7 mg wet weight/mL medium, and allowed to grow for 3 d, at which time the weight had increased to about 25 mg/mL.
Lemna Growth in the Dark. Dark-grown plants of Lemna paucicostata Hegelm. 6746 were produced by growth under our usual standard conditions (2) (1) . The resulting homogenate was centrifuged to yield a pellet and a supernatant fraction which was transferred to a 12 mL conical centrifuge tube and evaporated to dryness at room temperature. The pellet was extracted with 3.9 mL methanol:chloroform (2: 1), while the small residue resulting from evaporation of the original supernatant fluid was extracted with a further 0.9 mL of methanol:chloroform (2: 1). After centrifugation, the two supernatants were combined and separated into methanol-water soluble and chloroform-methanol-soluble fractions (3) . The two pellets were combined by transfer of the smaller one with methanol washes. The combined pellet was washed, and the washes combined with the methanol-water-soluble fraction, obtained above, for analysis, all as previously described (16, 17 (9, 20) , the cells were extracted with isopropanol heated almost to boiling (8) . The resulting homogenate was worked up essentially as described for the standard procedure in "Materials and Methods." The results obtained differed in several ways from those expected on the basis of similar experiments with Lemna (17). Representative chromatograms of phospho-bases. In each case, the material chromatographed contained the combined phosphobase fraction prepurified by electrophoresis at pH 7.0, followed by chromatography with solvent B. Chromatography with solvent C is illustrated. In this figure, as in all others in this paper, radioactivity due to authentic internal standards (added as appropriate before each step) is indicated by dashed lines (and referred to the right-hand ordinate). Each such peak is named. Radioactivity due to the material under study is indicated by solid lines (and referred to the left-hand ordinate). Top Table I ); bottom panel, 10 min incubation with carrot suspension culture (see Table II ). The slight displacement between the '4C and the 3H peaks in the P-DMEA area (bottom panel) is due to isotope effects.
First, rather than all three of the P-EA derivatives, P-MEA, P-DMEA, and P-Cho, becoming labeled with radioactive methyl groups, with soybean suspension culture only P-MEA was so labeled, containing 0.7% of total tissue radioactivity (with P-DMEA and P-Cho each containing less than 0.01%). Second, radioactivity entered the PtdEA derivatives relatively rapidly, and substantial amounts were present not only in PtdCho (as had been the case with Lemna), but also in both PtdMEA and PtdDMEA. The results with soybean were similar to those with Lemna in that the free EA bases contained relatively little radioactivity.
To further confirm these unexpected results, the identities of the crucial compounds from soybean were confirmed: (17) are shown also to illustrate the qualitative differences between the two plants. Figure 1 illustrates that during brief incubations, whereas with Lemna 3H entered P-MEA, P-DMEA, and P-Cho in substantial amounts, with soybean only P-MEA became labeled. Figure 2 shows that, after phosphatase treatment of the putative [3H3C]P-MEA from soybean, a single radioactive product was obtained, moving, as expected, with MEA in a solvent which resolves EA and its three methylated derivatives. In Figure 3 it is seen that, whereas with Lemna very little radioactivity entered any phosphatidyl derivative at early incubation time, with soybean 3H labeled not only PtdCho, but also a faster moving peak with RF of 1.4 to 1.5 relative to PtdCho (and running just behind the peak of neutral lipid). Figure 4 shows that after elution of the Chromatography of acid-hydrolyzed PtdMEA/PtdDMEA from soybean. The material eluted from the combined PtdMEA/Ptd-DMEA peak (cm [20] [21] [22] [23] [24] [25] [26] shown in the middle panel of Figure 3 was subjected to acid hydrolysis, and electrophoresed at pH 7.0. More than 96% ofthe 3H radioactivity migrated to the area to which the methylated EA free bases move as a group. Material in the latter area was eluted and chromatographed with solvent A, producing the results illustrated here. peak in question and acid hydrolysis the major portion of the radioactivity now moved with DMEA, with, however, a readily detected smaller peak moving with MEA. It was concluded that the peak on the original chromatogram (Fig. 3) The results obtained in all such labeling experiments carried out with soybean suspension cultures are summarized in Table  I . At all times up to 15 min, methyl groups originating in methionine labeled P-MEA only among the phospho-bases, but all three of the methylated PtdEA derivatives. Radioactivity in any methylated EA free base was minimal at such times. In this table, radioactivity in any given compound has been expressed relative to that in PtdCho. This is convenient because Cho derivatives, especially PtdCho, are the end products into which almost all of the radioactive methyls entering this group of compounds finally flow. This is shown by the results in the last column ofTable I. After an experiment in which a 3 min labeling period had been followed by a 26 h period ofgrowth in standard, nonradioactive medium, virtually all detected radioactivity was in Cho derivatives, with PtdCho containing some 83% of the total, and far lesser amounts in free Cho and P-Cho.3
Labeling Experiment with Soybean Leaf. To examine whether such results were characteristic of a more differentiated soybean tissue, an experiment was performed with soybean leaf discs infiltrated with [3H3C]methionine and incubated for 10 min. The results were as follows (expressed as radioactivity in the specified compound relative to that in [3H]PtdCho which, itself, contained 0.54% of total tissue radioactivity): P-MEA, 39%; P-DMEA, not detected (<0.5%); P-Cho, not detected (<0.5%); PtdMEA, 19%; nM; 3 min, 2.2 nM; 15 min, 7.0 nM; 3 min (with 26 h chase in nonradioactive medium), 3.1 nM. In the chase experiment, after the labeling period the cells were washed free of radioactive medium prior to beginning the chase incubation. At the ends of the incubations, tissues were processed as described under "standard procedures" in "Materials and Methods," except that the material from the chase experiment, only, was extracted with hot isopropanol. Total dpm in the washed tissues were 711, 1230, 2920, 6830, and 654 (each x 103) in the order listed. Radioactivity in each EA derivative was determined as described in "Materials and Methods. Table III , and compared there to values reported previously for Lemna (16) . DISCUSSION During the course of extending studies of the kinetics of transfer of the methyl groups originating in methionine into the network of methylated derivatives of EA, we have observed striking qualitative differences for the patterns between Lemna (17), soybean, and carrot. Although in each plant PtdCho is quantitatively the overwhelmingly dominant end product into which methyls flow once they have entered this network, the intermediates in the process appear to vary. Various possible causes were considered as explanations of these differences: (a) Evidence against the possibility that the difference was due to suspension cultures being non-photosynthetic, whereas Lemna plants were photosynthetic, was provided by the demonstrations that infiltrated leaf discs of soybean gave patterns very similar to soybean suspension cultures, and that bleached Lemna gave patterns very similar to green Lemna. (b) Evidence against the possibility that the pattern initially observed with soybean suspension cultures was a property of undifferentiated tissue, whereas that seen with Lemna was a property of differentiated tissue, was provided, again, by the demonstration that the pattern for soybean suspension culture was the same as that for soybean leaf, and further, by the subsequent finding that the two undifferentiated suspension cultures of soybean and carrot differed strikingly from one another. We conclude, therefore, that each of the three plants in question has a characteristic, and different, biosynthetic route for PtdCho formation.
PHOSPHATIDYLCHOLINE SYNTHESIS marized in
What conclusions do the present experiments permit as to the details of these biosynthetic routes? The pattern for Lemna, in which at early times virtually all newly introduced methyl groups are found in P-MEA, P-DMEA, and P-Cho seems quite unequivocally to suggest that methylations occur almost exclusively with the phospho-bases as substrates, ending with P-Cho. The latter is then presumably converted successively to CDP-choline (by the action of CTP:P-Cho cytidylyltransferase), and finally to PtdCho (by the action of CDP-Cho: 1,2-diacylglycerol P-Chotransferase). This interpretation has been put forth previously and discussed (17) , and is diagrammed in the top panel of Figure   5 . In experiments with cell-free extracts of Lemna, we have recently demonstrated the phospho-base N-methyltransferase activities called for by this scheme (18).
The results with soybean seem also to be amenable to a straightforward interpretation. We suggest that in this tissue, as in Lemna, the initial methylation is of P-EA, forming P-MEA. However, P-MEA, rather than being further methylated, instead is transferred (via the CDP-MEA derivative and the actions of the appropriate cytidylyltransferase and P-MEAtransferase) to form PtdMEA. The latter is successively methylated to Ptd-DMEA and PtdCho (Fig. 5, middle panel) . This working model accounts for the appearance of labeled methyls in P-MEA only among the phospho-bases, and for the rapid appearance of label in PtdMEA and PtdDMEA, as well as in PtdCho. Note that the pool size of PtdMEA, and especially that of PtdDMEA, is small relative to that of PtdCho (Table III) , so that the labeled methyls might make their way to PtdCho relatively quickly. In its simplest form, this model predicts that PtdMEA should be relatively highly labeled at early times compared to PtdDMEA and PtdCho, and become less so as incubation times progress. Because this prediction is not borne out by the experimental results (Table I) , we suggest the pool of PtdMEA may not be uniform, but rather is composed of at least a rapidly turning-over portion through which methyls pass rapidly to PtdDMEA, and a more slowly turning-over portion which progressively accumulates radioactivity during the first minutes of incubation. An alternative route for formation of PtdMEA, compatible with the in vivo labeling data, would involve the N-methylation of PtdEA. This is the dominant pathway in animals and microorganisms (4, 6) . In experiments with cell-free extracts of soybean, we have demonstrated the presence of an AdoMet:P-EA N-methyltransferase activity, but failed to detect either P-MEA or P-DMEA N-methyltransferases. Further, we found both AdoMet:PtdMEA and PtdDMEA N-methyltransferases, but did not detect a PtdEA N-methyltransferase (18). These findings are consistent with the sole route to Ptd-MEA being through P-MEA, as shown in Figure 5 , but certainly do not rule out some participation of an as-yet-to-be demonstrated PtdEA N-methyltransferase. It is noted that such a pathway would encounter the same difficulty and necessitate the same assumption as to the nonhomogeneity of PtdMEA as was made above.
The results with carrot are most equivocal in terms of the methylation pathway(s) utilized. As a tentative working model, we propose the scheme shown in Figure 5 , bottom panel. Again, the initial methylation is placed at P-EA. The resulting P-MEA is partially converted to PtdMEA (the dominant pathway in soybean), partially methylated to P-DMEA (the dominant pathway in Lemna). The P-DMEA also is partitioned between conversion to PtdDMEA and methylation to P-Cho. The P-Cho is converted to PtdCho. Of course each partially methylated phosphatidyl derivative is subjected to further methylation, so that finally almost all is used to form PtdCho. It is difficult to specify the relative importance of the three cytidylyltransferase/methylated P-EA-basetransferase sequences postulated in this model. For the moment, in Figure 5 each has been tentatively assigned roughly equal proportions of the total flux.
Studies with cell-free carrot extracts have demonstrated each of the N-methyltransferase activities called for by the scheme illustrated in Figure 5 , and, again, we have been unable to detect an AdoMet:PtdEA N-methyltransferase activity (18). Nevertheless, the possible contribution of some methylation of PtdEA to PtdMEA can not be regarded as conclusively ruled out. With respect to this possibility, it is of interest that Marshall and Kates (10, 11) were able to obtain cell-free preparations from spinach leaves catalyzing the AdoMet-dependent methylation of Ptd-MEA to PtdDMEA, and of PtdDMEA to PtdCho, whereas they could not demonstrate methylation of PtdEA in this system. Moore (13) formate. At 2 to 5 min P-MEA, P-DMEA, and P-Cho "were major labeled products," but "the corresponding free bases and phosphatidyl derivatives were not appreciably labeled." Again, label chased into PtdCho. These results, and others, were interpreted as indicating the operation of a methylation pathway at the level of phospho-bases (5). A quantitative limit upon any contribution of a pathway involving methylation at the phosphatidyl level was not set, but the authors did indicate that they judged such a pathway not to be 'significant' in the sugarbeet leaf system. In our opinion, as far as can be judged, the situation in these sugarbeet leaves closely resembles that subsequently found with intact Lemna (17) .
In the strictest sense it may be that the results with barley and sugarbeet are applicable only to stressed tissues stimulated to form betaine. However, when these results are taken together with those for Lemna (17) , and those detailed here for soybean and carrot, it seems far more likely that higher plants possess a common committing step in PtdCho synthesis at the methylation of P-EA to P-MEA. This reaction, which accounts for some, perhaps all, of the initial methylation in this pathway, is accompanied by an unusual diversity in the subsequent methylation reactions leading to more highly methylated derivatives. In this connection, we note that the systems we have studied were selected chiefly because they offered favorable experimental materials, not with any foreknowledge that there might be differences in the pathways under study. It might be of interest to extend studies of the sort reported here to a variety of additional higher plants, chosen in hopes ofrevealing a phylogenetic pattern in the pathways utilized. Soybean suspension cultures and soybean leaves gave virtually identical patterns, suggesting that future studies may be carried out with either of these types of systems, chosen for experimental convenience, and that the results with either will be equally valid in describing the methylation pattern characteristic of the plant under investigation.
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